The water content of garnet was determined for eclogite from two Variscan complexes in Germany: the Erzgebirge (EG), Saxony, and the Fichtelgebirge (FG), Bavaria. Erzgebirge eclogites occur in three units, each of which experienced specific peak conditions (unit 1: 840-920 C/ !30 kbar, unit 2: 670-730 C/24-26 kbar, unit 3: 600-650 C/20-22 kbar). Peak conditions of the FG eclogite (690-750 C/25-28 kbar) are close to those of eclogite from EG unit 2. Coesite eclogite is restricted to the EG ultra-high pressure (UHP) unit 1. Garnet shows infrared absorption bands at ca. 3650, 3580-3630, and 3570 cm -1 , ascribed to structural water. Many garnets also contain molecular water (in sub-microscopic fluid inclusions), which is irregularly distributed on the grain scale and of secondary origin. Grain volumes with molecular water invariably reveal a band at 3580-3630 cm -1 attributed to a hydrogarnet substitution. Because structural water due to this substitution positively correlates with molecular water, the primary content of structural water can only be deduced from grain volumes that are free of molecular water as demonstrated by Schmä dicke & Gose (2017; American Mineralogist 102, 975-986). This primary content is typically low in garnet from quartz eclogite (<2-50 ppm); averages for most samples fall in the range of 8-28 ppm. Garnet from coesite eclogite hosts more water (50-180 ppm) except for garnet from an unusual, phlogopite-bearing coesite eclogite that contains only 19-55 ppm. Structural water in garnet is unrelated to metamorphic peak pressure but governed by the presence (or absence) of eclogite-facies hydrous minerals such as calcic amphibole, zoisite, and, or, phlogopite. In the case that hydrous minerals were stable at peak metamorphism-as in quartz eclogite-garnet hosts little or no water. If hydrous minerals are not part of the peak assemblage-as in common coesite eclogite-garnet contains distinctly more water. The latter was apparently derived from eclogite-facies hydrous minerals, which decomposed and liberated their H 2 O due to overstepping their stability field during UHP metamorphism. Moreover, garnet in coesite eclogite is more Ca-rich than garnet in quartz eclogite. This is ascribed to the breakdown of prograde zoisite, liberating Ca and facilitating a higher grossular content, which, in turn, enhances the garnet's capacity for water storage. This study further suggests: (1) post-peak metamorphic introduction of secondary fluid; (2) relatively dry conditions prior to fluid influx, because only water-deficient garnet is able to incorporate additional structural water; (3) The determined primary contents of structural water were probably not modified by decompressional water loss, because the latter should only occur if the water content at peak pressure is !75 % of the maximum storable amount; (4) Since garnet from both eclogite types was water-deficient at the metamorphic peak it is unlikely that the different water contents are related to pressure; (5) The mineral assemblage and the dehydration of hydrous minerals is definitely more important in this context; (6) Garnet and, by implication, omphacite from both eclogite types was able to incorporate only part of the water liberated by hydrous minerals, a great part must have been released to hanging-wall rocks; and (7) The study points to a Original Article moderate amount of water (several hundred ppm) that is transported by subducting coesite eclogite to depths of >100 km, an amount equivalent to that in ca. 1-2 % calcic amphibole.
INTRODUCTION
Significant quantities of water can be dissolved in nominally anhydrous minerals (NAMs) such as garnet, olivine, ortho-and clinopyroxene (e.g. Miller et al., 1987; Bell & Rossman, 1992a) . Water or, more precisely, hydrogen is incorporated in the structure of NAMs by various substitutions, as implied by a number of studies, particularly on olivine and pyroxene (e.g. Skogby & Rossman, 1989; Libowitzky & Beran, 1995; Rauch & Keppler, 2002; Lemaire et al., 2004; Stalder, 2004; Berry et al., 2005; Gose et al., 2008 Gose et al., , 2009 Ková cs et al., 2010; Schmä dicke et al., 2013; Ingrin et al., 2014; Blanchard et al., 2017) . Structural water in mantle NAMs, though present in trace amounts, significantly modifies the physical properties of the mantle and facilitates the generation of partial melts (e.g. Karato, 1990; Hirth & Kohlstedt, 1996; Asimow & Langmuir, 2003) . Water is particularly important for the dynamic behavior of the Earth's mantle because it reduces the viscosity, enhancing deformation and mantle convection (e.g. Bercovici & Karato, 2003; Dixon et al., 2004) .
Hydrogen, colloquially water, behaves as an incompatible element in mantle minerals, and has a mineralmelt partition coefficient similar to Ce or La (e.g. Danyushevski et al., 2000) . Hence, partial melting extracts water from the mantle and, over geological time, its quantity in the mantle residue declines. Subduction is the only presently conceivable way to counteract this process and to re-fertilize the mantle with respect to water. In this context it needs to be revealed how this recycling operates in detail and how much water is transported into the mantle via subduction in order to evaluate if the quantity of mantle water remains 6 constant, declines, or increases.
In general, water transport to depth is facilitated by subduction and primarily depends on how much water can be stored in the oceanic crust. Most hydrous minerals present in hydrated oceanic crustal rocks, however, break down at relatively shallow depths releasing their water to the mantle wedge. Only calcic amphibole and phlogopite are stable to greater depths of ca. 100 and 200 km, respectively (e.g. Pawley & Holloway, 1993; Niida & Green, 1999; Frost, 2006; Green et al., 2014) . Phlogopite, however, plays only a minor role for water transport into the mantle. This is because oceanic basalt and gabbro are typically too depleted in potassium to allow for the formation of phlogopite during metamorphism. In contrast, calcic amphibole is a common mineral in eclogitized oceanic crust and, consequently, the most important hydrous mineral for water transport in subduction zones to depths of nearly 100 km. At greater depth, however, calcic amphibole also decomposes, inevitably releasing its water.
Water transport to depths greater than 100 km depends on how much water is structurally incorporated in the NAMs that are present in eclogitized oceanic crust. The two principal eclogite minerals-garnet and omphacite-are most important in this context. Pyrope-rich garnet and omphacite from natural rocks typically host tens to several hundred ppm of structural water (e.g. Koch-Mü ller et al., 2004; Skogby, 2006; Konzett et al., 2008) . Experimental studies have demonstrated that the maximum amount of water that can be structurally incorporated in garnet and omphacite (¼ water storage capacity) increases with pressure. Under water-saturated conditions pyropic garnet is able to take up ca. 50 ppm H 2 O at a pressure of 25-30 kbar (Lu & Keppler, 1997) , and impure diopside and jadeite incorporate up to 800 ppm H 2 O in the pressure range of 20-30 kbar .
In this investigation we study natural samples of both coesite and quartz eclogite to find out if their NAMs are capable of incorporating all the water liberated by decomposing hydrous minerals such as zoisite and calcic amphibole. To this end, we focus on eclogitic garnet and use it as a proxy to evaluate the potential of subducted oceanic crust to recycle water into the mantle. The Erzgebirge is an ideal target area because it hosts three different eclogite-bearing units, each of which experienced distinct eclogite facies peak conditions (Fig. 1) . Two units are common highpressure (HP) units with quartz eclogite, in which calcic amphibole was stable at peak metamorphic conditions. The third, ultra-high pressure (UHP) unit with coesite eclogite attained peak conditions beyond the stability field of calcic amphibole (Schmä dicke et al., 1992) . Additional samples of quartz eclogite from Fichtelgebirge, all containing calcic amphibole, are included for comparison.
Garnet is chosen here as a proxy for water in eclogite instead of omphacite for several reasons. First, omphacite is less suited in the present context because of numerous submicroscopic exsolution lamellae of hydrous minerals (Schmä dicke & Mü ller, 2000) . Second, omphacite shows a tendency to decompose into diopsideplagioclase symplectites in which calcic amphibole is a typical minor phase. Thus, it cannot be excluded that structural water from omphacite was consumed by symplectitic amphibole. Third, the volume of garnet continuously increases, at the expense of omphacite, at depths exceeding 300 km (e.g. Ringwood, 1991) , and at >400 km depth garnet becomes the most important phase to accomplish water transport into the deeper mantle. The water content of garnet, together with the garnet-omphacite H 2 O partition coefficient from the literature (e.g. Katayama et al., 2006) , can be used to infer the concentration of water in coexisting omphacite and the bulk eclogite.
The main goal of this study is to assess the potential of water incorporation in eclogitic garnet and to evaluate the water storage and transport capacity of eclogite. To this end, samples with different pressure-temperature (P-T) peak conditions and various eclogite-facies assemblages need to be compared. In addition, the following specific questions will be addressed: (1) is there a systematic difference in water concentration between HP (i.e. quartz) and UHP (i.e. coesite) eclogite? (2) Is the water content in garnet related to its composition? (3) Do the different garnet grains in a sample have equal water contents? (4) Is water homogeneously distributed on grain scale? (5) Are there any characteristics in the infrared (IR) absorption spectra that can be attributed to garnet composition and, or, the metamorphic peak conditions?
To address these questions, the water content of garnet from a variety of eclogite samples was determined by IR spectroscopy. The same garnet grains were analyzed for their major, minor, and trace element composition. Petrographic thin sections were prepared for each eclogite sample and investigated in order to identify the eclogite-facies assemblage, to characterize the textural relations and the degree of post-eclogitic overprint, and to find out if hydrous minerals coexisted with garnet and omphacite at peak conditions and, or, or were part of an early or late eclogitic assemblage.
GEOLOGICAL SETTING AND SAMPLE CHARACTERISTICS
The Erzgebirge (EG) is situated at the northern margin of the Bohemian Massif, the easternmost crystalline complex of the European Variscides. The Erzgebirge is made up of an 80 km x 40 km, oval-shaped, NE-SW oriented crystalline complex ( Fig. 1) that is surrounded by greenschist facies and lower grade meta-sedimentary sequences. The crystalline complex consists of a medium-pressure, monotonous gneiss-migmatite unit that is overlain by three high-pressure units (units 1, 2, and 3) that are composed of high-grade quartzo-feldspathic gneiss and intercalated, conformal lenses of metabasic eclogite. The time of eclogite facies metamorphism is constrained by Sm-Nd mineral ages (353 6 7, 360 6 7 Ma) and Ar-Ar phengite cooling ages (348 6 2, 355 6 2 Ma) that are identical within the limits of uncertainty (Schmä dicke et al., 1995) .
The eclogite facies peak conditions increase systematically from unit 3 (600-650 C, 20-22 kbar), to unit 2 (670-730 C, 24-26 kbar), and to unit 1 (840-920 C, !30 kbar; Schmä dicke et al., 1992; Schmä dicke, 1994). The latter unit 1 is an UHP unit with several outcrops of coesite-bearing eclogite (Schmä dicke, 1991) . Based on garnet pyroxenite being restricted to the UHP unit and occurring very close to eclogite (tens of meters apart), the peak pressure for the two rock types was confined to 34-35 kbar (Schmä dicke & Evans, 1997). Rarely, high-pressure relics also occur in the gneissic country rocks in all three units. In the UHP unit 1, clinopyroxene-albite symplectite is occasionally present in the felsic rocks (Schmä dicke et al., 1992) , and in one locality, microdiamond inclusions were detected in gneiss in the vicinity of eclogite lenses (Nasdala & Massonne, 2000) . These findings suggest that eclogites and their country rocks are co-facial, having experienced a common metamorphic history.
Depending on the unit, the eclogites show systematic variability in their mineral assemblage, due to differences in equilibrium peak P-T conditions (Table 1) . Garnet is a major phase in all samples, with modal proportions ranging from 15 to 45 vol.%. Excluding samples Vo and Flo, the range is 20-40 vol.%. Garnet plus omphacite make up 90 to 95 vol.% of each sample. Quartz and rutile invariably occur as minor constituents in all eclogite samples, unless the rocks are heavily retrogressed. The latter are excluded in this investigation. In the UHP unit 1, coesite relics and, or, pseudomorphs after coesite are present as inclusions in omphacite and garnet. Kyanite was found only in few samples, regardless of the unit.
The presence of eclogite-facies hydrous minerals, coexisting with the peak metamorphic assemblage, strongly depends on the unit. In unit 3, with the lowest eclogite facies peak conditions, garnet and omphacite are in textural equilibrium with calcic amphibole, phengite, and zoisite. Paragonite is occasionally present as prograde inclusion in garnet. In unit 2, with intermediate peak conditions, paragonite is absent but the other three hydrous minerals occur. Calcic amphibole belongs to the peak assemblage and, in most cases, also zoisite. However in some samples, zoisite was not part of the peak assemblage; it was present during a pre-peak stage and also grew during a later eclogitic stage, postdating peak metamorphism. Some samples of unit 2 eclogite carry unusually high amounts of calcic amphibole and zoisite, together attaining >10 vol.%, in a few samples even >20 vol.%. In these cases, the two minerals form porphyroblasts (up to 1 cm in size) that overgrow the peak metamorphic minerals and are attributed to a late, post-peak eclogitic stage.
In the UHP unit 1, hydrous minerals are not part of the peak assemblage-a fact ascribed to a peak pressure in excess of 29 kbar. However one exception occurs: a single, unusual sample (St75) with minor phlogopite. This mineral was probably stabilized because of the Mg-and Al-rich bulk-rock composition and grew at the expense of prograde phengite (Schmä dicke & Mü ller, 2000) . Apart from this sample, all other UHP eclogites are characterized by a 'dry' peak assemblage, which involves only garnet, omphacite, coesite/quartz and rutile. Nevertheless, calcic amphibole is a typical minor constituent that formed in the UHP eclogite during eclogite facies, post-peak re-equilibration. This post-peak amphibole invariably has specific textural characteristics: it occurs in interstitial positions and has inclusions of vermicular quartz (Fig. 2) . These features are absent in samples from units 2 and 3, in which calcic amphibole was stable during peak metamorphism. Vermicular quartz inclusions suggest that amphibole formed at the expense of omphacite (Schmä dicke et al., 1992) . Growth of calcic amphibole in UHP eclogite clearly predates the post-eclogitic breakdown of omphacite (see below). Amphibole formation in UHP-unit 1 could: (i) be the result of fluid influx during a late eclogitic, lower-P stage (<29 kbar) or (ii) simply be related to reentering the amphibole stability field during decompression. The latter requires that fluid was present in the rocks during UHP metamorphism.
Secondary, post-eclogitic alteration is visible in all units and in many, but not all, eclogite samples. It is usually restricted to a diopside-plagioclase symplectite rimming the omphacite grains. In most cases, such a (Klemd & Schmä dicke, 1994) . The eclogite-bearing gneiss constitutes the uppermost unit of a nappe pile, resting on an intermediate medium-pressure gneissamphibolite unit and lower-grade units at the bottom. The age of eclogite-facies metamorphism (380 Ma) was constrained by Sm-Nd and U-Pb dating (Gebauer & Grü nenfelder, 1979; Stosch & Lugmair, 1990) .
The Fichtelgebirge eclogite experienced peak metamorphism at ca. 690-750 C and 25-28 kbar (O'Brien, 1993; Klemd & Schmä dicke, 1994) , conditions that are very similar to those of eclogites from EG unit 2. The same applies to the mineral assemblages (Table 1) , again being similar to samples from EG unit 2. In FG eclogite, the hydrous minerals zoisite, calcic amphibole and phengite were all stable during peak metamorphism. Paragonite, however, is preserved only as prograde inclusions and reacted to form kyanite during peak metamorphism. The only obvious difference between Fichtelgebirge and Erzgebirge (unit 2) eclogites is the contrasting grain size (see 'Results').
ANALYTICAL METHODS
Doubly polished, self-supporting rock slices (thick sections) were prepared for most eclogite samples (see sample list; Table 1 ). The slice thickness varies between 0Á2 and 0Á5 mm, depending on garnet crystal quality and grain size. In the case of samples with weak coherence, about 10 individual garnet grains were extracted per sample and collectively embedded in a slice of epoxy resin. The slices were doubly polished in the same way as the thick sections. These specimens were used for all analytical methods that were performed in the following order: (i) IR spectroscopy; (ii) electron microprobe analysis; and (iii) ICP-MS analysis. This procedure, performing the non-destructive analyses first and the most destructive one last, allows all the analytical data-major elements, trace elements, and water-to be collected from identical garnet grains.
The major element composition of garnet was determined with a JEOL 8200 electron microprobe, equipped with five wavelength-dispersive spectrometers, including a high-resolution spectrometer, operating at 15 kV and 15 nA, at the University of Erlangen-Nü rnberg. A counting time of between 20 and 40 seconds was used. Silicate and oxide standards were used for the calibration. At least three garnet grains were analyzed in each sample and 5-10 spot analyses, measured on different sites to identify possible compositional zoning, were collected for each grain. The analytical error of the results is 1 % (relative). Selected analyses that are representative for each sample are given in Table 2 .
Trace element concentrations were obtained in Erlangen by LA-Q-ICP-MS using an UP193FX laser ablation unit (New Wave Research) connected to an Agilent 7500i quadrupole inductively-coupled plasma mass spectrometer, tuned for maximum sensitivity by ThO/ Th <0Á5 %. Argon was used as plasma and cooling gas (14Á9 L/min), auxiliary gas (0Á9 L/min) and carrier gas (1Á1 L/min), whereas He was utilized as a secondary carrier gas (0Á65 L/min). Spot diameter and repetition rate were 30-50 mm and 20 Hz, respectively, applying an irradiance of 0Á56 GW/cm 2 and a fluence of 2Á8 J/cm 2 . The background and mineral ablation times were 20 and 25 seconds, respectively. External calibration was performed on the NIST SRM 612 standard applying a linear fit, and SiO 2 was used as an internal standard. Data evaluation was carried out with GLITTER (van Achterbergh et al., 2000) . Microanalytical reference material BCR-2 G (USGS) was used as secondary standard to check for the reproducibility (mostly <5 %) and accuracy (mostly <8 %) of the method. For each 
sample 4-10 analyses were collected. Selected analyses are given in Table 3 . The water content of garnet was determined by Fourier transform IR spectroscopy using a Vertex 70 spectrometer, equipped with a Hyperion 3000 microscope and an MCT detector at the University of Innsbruck. The samples were analyzed with non-polarized IR radiation in transmittance mode, and the spectra were obtained by averaging over 64 scans in the wavenumber range 550-7500 cm -1 with an instrumental resolution of 2 cm -1
. A square aperture of 30 x 30 to 100 x 100 lm 2 (in most cases around 50 x 50 lm 2 ) was used to restrict the lateral size of the probed spatial areas. For the analysis, clear and transparent crystal volumes free of inclusions, cracks, and alteration products, and including core and rim areas, were carefully Grain  grt  grt3  grt1  grt1  grt  grt2  grt2  grt2  grt  Analysis  P1  41  P2  81  P1  22  11  87  17   Total  99Á21  101Á41  100Á27  101Á19  99Á55  101Á73  100Á43  100Á34  100Á85  Si  2Á992  2Á997  2Á972  3Á002  2Á971  3Á003  2Á998  2Á988  2Á989  Ti  0Á005  0Á003  0Á002  0Á002  0Á003  0Á005  0Á002  0Á000  0Á002  Al  1Á991  1Á995  1Á997  1Á986  1Á996  1Á985  2Á004  2Á012  2Á010  Cr  0Á003  0Á000  0Á005  0Á000  0Á009  0Á001  0Á000  0Á001  0Á004  Fe   2þ   1Á770  1Á546  1Á563  1Á432  1Á430  1Á578  1Á186  0Á979  0Á862  Mn  0Á040  0Á039  0Á026  0Á040  0Á038  0Á017  0Á024  0Á017  0Á013  Mg  0Á424  0Á792  0Á852  1Á013  1Á029  0Á650  1Á217  1Á393  1Á591  Ca  0Á780  0Á626  0Á608  0Á527  0Á547  0Á756  0Á564  0Á606 
Oxides are in wt.%, cations are calculated on the basis of 6 oxygens by treating all iron as Fe 2þ . Sps, spessartine; grs, grossular; pyr, pyrope; alm, almandine. Na  535  245  361  283  207  295  288  578  536  114  122  215  80  120  90  P  218  78  126  87  88  51  79  253  288  68  55  53  72  62  53  Sc  64  61  60  54  68  50  68  65  54  39  36  97  20  98  92  V  133  115  170  143  104  179  171  141  131  33  67  48  18  43  27  Co  47  37  21  33  67  53  21  54  51  60  37  52  37  28  26  Ga  13  14  13  14  6Á9 7 Á9 12 14 14 Y  83  100  84  88  48  97  66  69  63  55  35  191  27  50  42  Zr  13  3Á0 
Element concentrations are given in ppm.
selected and several spectra were collected for each garnet grain. The integral absorbance was determined by fitting the spectra between 3000 and 3700 cm -1 . For baseline correction, a 3rd or 4th degree polynomial was used, which adequately reproduces the IR spectrum of a heat-treated (1000 C, 20 h), dehydrated garnet (Fig. 3 ). The peak fit was obtained using a combination of Lorentzian and Gaussian functions and peak-fit software. Spectra with clearly separated OH bands allow deconvolution of the different bands (Fig. 3) . The hereby obtained peak parameters were used to set constraints for peak width and, or, position to deconvolve spectra with strongly overlapping bands. The amount of water in the garnet structure (¼ structural water) was determined from the absorption of bands with maxima in the wavenumber range 3460-3670 cm -1 . Bands centered at 3650 6 10 cm -1 are attributed to band type I, and bands in the range of 3570-3630 cm -1 to band type II. The content of molecular water, if present, was estimated from absorption bands that are centered at wavenumbers <3460 cm -1 (Fig. 3 ). The water contents were calculated by applying the mineral-specific molar absorption coefficient of Bell et al. (1995) that was determined for a garnet with 4Á6 wt % CaO, 19Á5 wt % MgO, and 11Á0 wt % FeO. The uncertainty due to the calibration is 10 % (Bell et al., 1995) . Because the garnets analyzed in this study contain more FeO (13Á5-24Á8 wt %, except sample Flo), more CaO (6Á5-15Á3 wt%), and less MgO (5Á3-14Á7 wt %) we estimate that the systematic uncertainty due to calibration is 10-20 %. Additional uncertainty is caused by spectra fitting, so that the total uncertainty of the calculated water contents given in Table 4 may well be 30 %. Some grains or grain areas, respectively, show extremely large absorption bands due to molecular water in sub-microscopic fluid inclusions, interfering with bands caused by structural water. In these cases, the content of structural water can only be determined with a relatively large uncertainty of up to 50 %. Due to the lack of an applicable integral absorption coefficient for molecular water, the amount of the latter was calculated using the same absorption coefficient as for structural water (i.e. 6700 L/(mol cm 2 ); Bell et al., 1995) . Using this approach, the amount of molecular water is probably overestimated by a factor of !2, as indicated if we roughly estimate the integral absorption coefficient by utilizing figure 2 in Rossman (1988) .
The same analytical procedure was recently applied to four samples (4, 6, 10Á3, and Vo) of coesite eclogite (Schmä dicke & Gose, 2017) , and the results of this study are included here for comparison.
RESULTS

Optical characteristics and garnet composition
The grain size of garnet is highly variable and depends on the unit. For Erzgebirge eclogite, garnet (and omphacite) grain sizes correlate with metamorphic peak temperature and systematically decrease from unit 1 (highest T) to unit 3 (lowest T). Garnet has grain diameters of about 1-2 mm in unit 1, ca. 0Á5 mm in unit 2, and ca. 0Á1 mm in unit 3 (Schmä dicke, 1994) . Fichtelgebirge eclogite, with typical garnet grain diameters of 5-8 mm (up to 10 mm) is invariably much coarser than all samples from the Erzgebirge. The very fine-grained garnet from Erzgebirge unit 3 hosts numerous tiny inclusions of various prograde minerals that are concentrated in the core region. This results in a 'dusted' appearance of garnet cores, whereas the rims are optically clear. Such a zonal distribution of inclusions is absent in samples from UHP unit 1 and only rarely present in garnet from EG unit 2 and FG eclogite. Grains in which mineral inclusions are concentrated in the core are also compositionally zoned. Accordingly, compositional zoning of garnet is strongest in EG unit 3, weak in EG unit 2 and Fichtelgebirge, and absent in EG unit 1.
The major element composition of garnet, for the entire sample set, covers a wide range (Table 2, Fig. 4 ). In contrast, garnet grains from a single locality or rock sample, respectively, have a fairly constant 
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Primary contents of structural water are preserved in domains without molecular water (i.e. 'primary domains' with 20 ppm MW). Domains with more molecular water have enhanced contents of structural water. See text for further explanation. composition. Some compositional variables, such as Ca, Ti, and Na content, more or less correlate with the unit and can be ascribed to the different equilibrium conditions, whereas others reflect differences in bulkrock composition and depend on the locality but not on the unit. The latter applies to the FeO and MgO contents and to the Mg/(Mg þ Fe) ratio (¼ Mg#) that covers a wide range from about 0Á15 to 0Á6 (Fig. 4) if all analyses are included. The fact that Mg#, FeO, and MgO are uncorrelated with the unit (and with the P-T conditions) is ascribed to the variability of bulk-rock composition. Erzgebirge eclogites, for instance, have bulk rock Mg# between 0Á31 and 0Á55 (Schmä dicke, 1994) .
In contrast, the CaO content varies systematically with each unit. Garnet from EG unit 1 has a higher average CaO content compared to that from EG units 2 and 3, and from Fichtelgebirge (Fig. 4) . The CaO contents of unit 1 garnet range from about 8 to nearly 16 wt % (Fig. 4a) corresponding to grossular contents of 25-45 mol % (Fig. 4b) . Garnet from units 2 and 3 and from Fichtelgebirge has CaO contents in the range of 6 to 11 wt % (¼ 20-30 mol % grossular). However, despite of some overlap, most unit 1 garnets have >10 wt % CaO (>30 mol % grossular) and most garnets from the other three units have <10 wt % CaO and <30 mol % grossular, respectively ( Fig. 4a and b) .
The TiO 2 content positively correlates with CaO ( Fig. 4c) and Na 2 O (Fig. 4d) . A well-defined trend line with a correlation coefficient of 0Á92 is visible in Fig. 4d . Only garnet from the unusually Na 2 O-rich eclogite Flo from unit 2, that contains impure jadeite instead of omphacite (Schmä dicke, 1994), contains more Na 2 O compared to the Na 2 O-TiO 2 trend line in Fig. 4d . On average, unit 1 samples have higher Na 2 O and TiO 2 concentrations than those from the other three units, but similar to CaO, the data from the two groups (UHP unit 1 versus three HP units) overlap to some extent. Garnet from coesite eclogites (EG unit 1) has higher average contents of rare earth elements (REE), P, V, Y, and Zr (Table 3) than garnet in quartz eclogites from the remaining three units. Exceptions are the coesite eclogite St75 with relatively low contents and the quartz eclogite Flo with exceptionally high contents of these elements. Again, the latter sample is characterized by an unusual bulk-rock composition. A positive correlation is observed for P and Zr (Fig. 4e ) and also for P and the light REE (not shown). Sodium is also positively correlated with Zr, P, Ce, Pr (Fig. 4f) and Nd, but not with the heavy REE.
Results of IR spectroscopy Characteristics of IR spectra
Almost all analyzed garnet grains contain water (Table 4 , Figs 5-9 ). The majority of the samples reveal IR absorption bands in the wavenumber range of 3480-3670 cm -1 , which is characteristic of hydroxyl in the garnet structure (subsequently referred to as 'structural water'), but in a few grains or grain domains such bands are absent. (samples 2, St65, 33Á1, and Fa), 3630 cm -1 (samples 15 and Ws), or 3650 6 10 cm -1 (samples 27, Mt, and Vo). In a few samples, not all garnet grains show identical IR absorption patterns. In some of them, the IR patterns vary even for single garnet crystals. For instance, this applies to sample Vo for which a few spectra solely reveal the 3650 cm -1 band, whereas most spectra show a second band at 3570-3580 or 3600 cm -1 (also see section: 'Water content and relation between different water species').
Many garnet specimens additionally reveal broad absorption bands in the wavenumber range 3200-3450 cm -1 , indicative of liquid molecular water (e.g. Bell & Rossman, 1992b; Matsyuk et al., 1998; Katayama et al., 2006; . Such bands due to liquid molecular water, designated in the following as 'molecular water bands' or 'type M bands', respectively, are evidence of sub-microscopic fluid inclusions in garnet. Only a few grains or grain areas, respectively, are devoid of molecular water. Commonly, bands due to structural and molecular water appear in the same grain or the same grain volume, respectively . Bands at wavenumbers >3670 cm -1 indicative of hydrous minerals (e.g. Skogby & Rossman, 1989; Libowitzky & Beran, 2004) were only recorded in the very fine-grained and inclusion-rich garnets of Erzgebirge unit 3.
IR band assignment
In the investigated samples, the most typical IR absorption bands occur around 3650 cm range. Bands at 3650 6 10 cm -1 are designated here as 'type I' and bands in the 3570-3630 cm -1 range as 'type II'. The band of type I is a typical feature of mantle garnet that is not restricted to peridotite but occurs as a prominent band in garnet from mantle pyroxenites and eclogites (e.g. Schmä dicke et al., 2015). The band was also found in high-pressure experiments on natural, impure pyrope (e.g. Lu & Keppler, 1997) , but not in endmember pyrope (Withers et al., 1998) . It may be caused by tetrahedral [SiO 3 (OH)] groups, charge balanced by monovalent cations on dodecahedral sites (Lu & Keppler, 1997) , or by cation vacancies on dodecahedral and octahedral sites (Andrut et al., 2002) . Lu & Keppler (1997) suggested Li for charge balance, but for the Erzgebirge samples Na is a more likely candidate because the Li contents in garnet are 5 ppm, except for sample St65 (Table 3) . The band at 3630 cm -1 has been described from synthetic endmember pyrope (Geiger et al., 1991; Withers et al., 1998; Geiger et al., 2000) , from pyrope-rich garnet (Mookherjee & Karato, 2010) as well as from natural grossular-rich garnet (e.g. Beran et al., 1993) and ascribed to the hydrogarnet substitution, i.e. tetrahedral (OH) 4 4-replacing SiO 4À 4 tetrahedra. Bands in the range 3585-3630 cm -1 were reported from natural grossular (Rossman & Aines, 1991) and are probably all related to this substitution. Fig. 9 . Infrared absorption spectra of garnet from coesite eclogite sample St65, normalized to 1 cm sample thickness. The intensities of the absorption bands due to molecular water (type M) and the bands of type II due to structural water are positively correlated. The band at 3570 cm -1 was found in synthetic pyrope doped with Ti (Geiger et al., 2000) and described as a typical feature of garnets with comparably high TiO 2 contents of !1 wt % (e.g. Geiger et al., 2000; Schmä dicke et al., 2015) . In the present study, however, the TiO 2 contents are invariably lower than 0Á3 %, in many cases even <0Á1 %. Admittedly, most garnets with a band at 3570-3580 cm -1 have somewhat higher average TiO 2 contents than garnets without this band, so that a Tirelated hydrogen substitution is a possibility in these cases. However, other samples with a band at 3570-3580 cm -1 have no more TiO 2 than samples without this band. In addition, a band at 3510 cm -1 that typically accompanies the 3570 cm -1 band in Ti-rich garnet (Bell & Rossman, 1992b ) is not present in our samples. Hence, the band may also be caused by the hydrogarnet substitution as it is very close to the wavenumber range given by Rossman & Aines (1991) . The 'hydrogarnet band' is known for changing its position along with garnet composition, including water content, affecting the local cation configuration (e.g. Geiger et al., 1991; Rossman & Aines, 1991) . Because of the possibility that all bands in the range of 3570-3630 cm -1 are related to the hydrogarnet substitution they are summarized here as 'type II'.
Although the assignment of band type I is less certain, compared to band type II, it is unlikely that both bands are caused by the same substitution because the two are differently related to pressure (Lu & Keppler, 1997) and also show different dehydration kinetics (Blanchard & Ingrin, 2004 ; see below).
Water content and relation between different water species
The content of structural water is variable comparing samples from different localities, different garnet grains from the same locality, and even different domains of a single garnet grain (Table 4 , Figs 9-12). The variability of the content of molecular water is even greater, pointing to inhomogeneously distributed, sub-microscopic fluid inclusions containing liquid water. A single garnet grain may host domains which are virtually free of molecular water next to others that contain more than 1000 ppm of molecular water. For coesite eclogite, the maximum amounts of molecular water are one order of magnitude greater than the content of structural water. For quartz eclogite, the difference may even be two orders of magnitude. Comparing core and rim domains of single garnet grains, no systematic difference in both structural and molecular water is observable. Fig. 10 . Back-scattered electron image of garnet (sample 6-grt2) showing the spatial distribution of water. The numbers above the line give the amount of structural water according to band type I (first number) and band type II (second number). The number below the line refers to the amount of molecular water. Note that the content of structural water due to band type II is higher in domains with molecular water. This pattern is typical for all investigated grains. The two prominent black circles are ICP-MS ablation spots. Diagram showing the amount of structural water in all domains with up to 500 ppm molecular water. In this case, the content of structural water is enhanced and includes secondary water giving rise to a second peak close to 200 ppm.
The results (Table 4 , Figs 9-12) clearly indicate that the presence of molecular water enhances the amount of structural water. In many cases, grain domains including molecular water contain more structural water than volumes of the same grain without molecular water. This applies to samples from all localities. A particularly good positive correlation between structural and molecular water contents was recorded for samples 10Á3, 38, St11, St65, St75, Vo, Fa, and Ok. The spectra of sample St65 are shown as an example (Fig. 9) .
It is also obvious that the two structural water bands (I and II) are differently related to molecular water. The intensity of band type II is positively correlated with that of band type M, as visible in Fig. 12 that includes the analyses from all samples. In contrast, band type I is poorly or not correlated with band M. Some garnet grains or grain domains, respectively, without molecular water show a single type I band, but no band of type II. The correlation observed by including all analyses also applies to each individual sample (Table 4 ). The water content related to band type I is relatively constant and does not depend on the amount of molecular water present in the analyzed domain, whereas band type II increases with molecular water. These observations agree with the findings of a recent study on garnet from four samples of coesite eclogite (Schmä dicke & Gose, 2017). As these authors demonstrated, only garnet domains that are free of molecular water (no fluid inclusions) are suitable to determine the primary content of structural water. This approach is also adopted here.
Including only the IR absorption spectra without (or with very small) type M bands, indicative of fluid inclusions with molecular water, the content of structural water is less variable (Table 4 , Fig. 11 ) and regional systematics become obvious. Garnet in quartz eclogites from both Fichtelgebirge and Erzgebirge units 2 and 3 typically contains small amounts of structural water of <50 ppm; in many cases contents are even below the detection limit ( 2 ppm). Considering the sample averages (Table 4) , the contents of seven samples are in the range of 8-28 ppm. Two quartz eclogites are exceptional: samples Flo (58-80 ppm) and 38 (32-242 ppm). In the latter case, the high contents together with the large variation, particularly concerning the intensity of band II, may stem from an influence of molecular water.
Garnet from coesite eclogite (Erzgebirge unit 1) typically hosts distinctly higher amounts of structural water of 50-180 ppm. Only the exceptional phlogopite-bearing coesite eclogite (sample St75) contains less water (19-55 ppm). The degree of symplectitic decomposition of omphacite, ranging from 0 to 100 % (Table 1) , has no influence on the content of primary structural water in garnet (Table 4) . Moreover, the portion of primary structural water due to band type II versus that attributed to band type I is highly variable. For coesite eclogite, the ratio (type II/type I) ranges from 2Á2 to 16Á5. If samples 46a, St11, and St65 are excluded, the ratio varies in a smaller range (2Á2-6Á4). This ratio is neither related to the total content of primary structural water (Table 4) nor to garnet composition (Table 2) .
DISCUSSION
Comparison with literature examples Types of IR bands
The principal IR absorption bands of type I (3650 6 10 cm ) detected in this study and ascribed to structural water in garnet were also found in previous investigations of garnet from UHP eclogites. The bands at 3570 and 3600-3630 cm -1 are a common feature of both massif-type (Xia et al., 2005; Chen et al., 2007; Sheng et al., 2007) and xenolithic eclogite samples (Matsyuk et al., 1998; Schmä dicke et al., 2015) . In contrast, the band at 3650 cm -1 is typical for garnet from eclogite xenoliths and other xenolithic mantle rocks (Bell & Rossman, 1992b; Snyder et al., 1995; Matsyuk et al., 1998; Schmä dicke et al., 2015) , but was not found in massif-type coesite eclogite (Xia et al., 2005; Chen et al., 2007; Sheng et al., 2007) . This band was specified as the most typical band of garnet from mantle eclogite and pyroxenite (Schmä dicke et al., 2015) , and the present study shows that it also occurs in crustal eclogite. Bands at lower wavenumbers (i.e. <3650 cm -1 ), related to the hydrogarnet substitution, do not necessarily require mantle pressures (see below).
Bands due to molecular water are present in many, but not all, literature examples of eclogitic garnet. In some xenolithic samples such bands are lacking, in others they occur but are generally less abundant and are of smaller intensity (Bell & Rossman, 1992b; Schmä dicke et al., 2015) compared to massif-type examples (e.g. Sheng et al., 2007; Schmä dicke & Gose, 2017) . Most interestingly, the correlation between molecular and structural water is not a unique finding of the present study and a recent study on related samples (Schmä dicke & Gose, 2017), but was also described from kimberlite-hosted eclogite and pyroxenite xenoliths (Schmä dicke et al., 2015) . In the latter study, molecular water was shown to have an enlarging effect only on bands at 3630 cm -1 and 3600-3610 cm -1 , indicative of the hydrogarnet substitution, but not on the 3650 cm -1 band.
Water content
The water concentrations in garnet from UHP eclogite xenoliths, excluding grospydite, cluster in the range between 0 and 86 ppm (Bell & Rossman, 1992b; Snyder et al., 1995; Matsyuk et al., 1998 , Schmä dicke et al., 2015 . The majority of data in all studies are <22 ppm, including garnet from diamond-bearing eclogite. These contents are considerably lower than those reported from massif-type UHP samples which are also highly variable. For example, the maximum contents given for the Dabie-Sulu orogen are as high as 400 ppm (Chen et al., 2007) (Katayama et al., 2006) . The exceptionally high water contents for Dabie-Sulu garnet (e.g. Sheng et al., 2007) are due to the fact that they include molecular water. Considering only garnet volumes free of molecular water, the water contents are in the same range as those for coesite eclogite from Erzgebirge and Kokchetav. A study of massive-type quartz eclogite from the Austroalpine basement yielded low concentrations of water in garnet (<5-10 ppm; Konzett et al., 2008) . Comparing all results, the H 2 O concentrations in garnet from Erzgebirge coesite eclogite match the contents of equivalent samples from the Kokchetav Massif (Katayama et al., 2006) , those of a previous study on Erzgebirge rocks (Schmä dicke & Gose, 2017) , and also those from xenolithic samples (e.g. Snyder et al., 1995; Matsyuk et al., 1998) . The same agreement applies to the reported data for quartz eclogite (Katayama et al., 2006; Konzett et al., 2008) and the present results for such samples from three different basement units in the Erzgebirge and Fichtelgebirge.
What is the content of structural water in peak metamorphic garnet?
Above we deduced that the primary content of structural water is only preserved in garnet domains that are free of inclusions with liquid molecular water. This is because the infiltration of fluid from an external source not only led to sub-microscopic fluid inclusions (molecular water) in garnet, but also enhanced the content of structural water in close vicinity to such inclusions (Schmä dicke & Gose, 2017) . These primary contents are extremely low in most quartz eclogite samples (<2-50 ppm; sample averages of most samples: 8-28 ppm) and distinctly higher in common coesite eclogite (50-180 ppm). Having agreed on this, there are other unresolved questions. For instance, is the inferred primary content of structural water equal to the amount that was present at peak metamorphism? During which stage of the metamorphic evolution did fluid infiltration occur?
Starting with the second question, fluid infiltration most probably postdated eclogite facies peak metamorphism. This becomes plausible if the differential behavior of the two 'species' of structural water, reflected in band types I and II, are taken into account and compared with the results from HP experiments. Our data clearly show that molecular water occurring in fluid inclusions considerably enlarges the type II band, but has a much weaker influence, if any, on the type I band. In fact, an experimental study of natural, impure pyrope (Lu & Keppler, 1997) has demonstrated that the bands at 3650 cm -1 (our type I) and 3600-3630 cm -1 (our type II) depend on pressure differently. Though the bulk water solubility increased with pressure, the two bands revealed an inverse behavior. Only band I increased with pressure, while band II decreased in size. The latter is ascribed to the hydrogarnet substitution (e.g. Geiger et al., 1991) and Lu & Keppler (1997) suggested that this incorporation mechanism is not favored by high pressure, simply because protonation of the tetrahedra involves significant increase in the lattice constants. This conclusion is supported if the results on water solubility in endmember pyrope (Withers et al., 1998) are compared with the data by Lu & Keppler (1997) . In the former study, the structural water contents declined at P >5 GPa and became zero at >7 GPa. For pure pyrope, the hydrogarnet substitution is the only mode of water incorporation to our present knowledge. This agrees with the presence of only a single absorption band at 3630 cm -1 in the study by Withers et al. (1998) .
Moreover, the high variability of the amounts of structural and molecular water in garnet grains from the same sample and even within a single grain, together with the positive correlation between structural and molecular water, have further implications: (i) they indicate disequilibrium on sample and even on grain scale; (ii) the incorporation of additional structural water in response to late-stage fluid supply is only possible in garnet that is not water-saturated. Obviously, most specimens were primarily water-deficient and hosted less water compared to their storage capacity at the given pressure and temperature conditions; and (iii) the data suggest a genetic link between molecular water, bound in fluid inclusions, and structural water related to the hydrogarnet substitution, pointing to a common, most probably external, water source (see below).
Having inferred that part of the structural water in garnet is of secondary origin, the question remains if the content specified here as 'primary' reflects the original water amount at peak metamorphism or if it was reduced by water loss. Because tectonic exhumation is much slower than the transport of xenoliths, water loss should preferably occur in the former case with the consequence that the water content of crustal eclogites should be much lower than that of rapidly exhumed eclogite xenoliths. However, comparing literature data (see above) this is not the case. Astonishingly, the water content of xenoliths seems to be even lower than that of massif-type rocks, a finding that was attributed to low water activities in the cratonic mantle source (Matsyuk et al., 1998; Peslier et al., 2010) . Nevertheless, the possibility of water loss is not excluded for xenoliths, despite their fast uplift. Schmä dicke & Gose (2017) argued that massif-type eclogites typically record lower peak temperatures ( 900 C) than xenoliths (!1000 C). In addition, the average exhumation temperature of the former is several hundred degrees lower because such rocks progressively cool during exhumation. These authors suggested, therefore, that crustal eclogites could even be better suited than xenoliths to preserve original water contents. Up to now this suggestion has been speculative, unless diffusion data, timescales and experimental results on water content in garnet as a function of pressure are taken into account.
The experimental data of Lu & Keppler (1997) on natural garnet are useful in the present context; other studies were conducted only for endmember pyrope and, or, at pressures in excess of 50 kbar. The garnet from Dora Maira used in the study by Lu & Keppler (1997) is very Mg-rich, but it contains all the components present in our samples. Albeit the latter are more Ca-and Ferich and may be capable of incorporating more water than Dora Maira garnet, the relation between water storage and pressure should be very similar for both compositions, particularly because they share the same substitution types, as indicated by identical IR absorption bands.
Judging from the experimental results (Table 5) , the maximum storable amount of water in garnet is identical at 30, 25, and 20 kbar. As a consequence, dehydration of garnet from coesite eclogite at 30 kbar peak pressure is not expected for the first third or even half of the decompression path. A reduction of the storage capacity is restricted to pressures of 15 kbar. At 15 kbar, however, garnet is still able to host 75 % of the original amount of water incorporated at 30 kbar. In addition, the retrograde P-T path indicates that Erzgebirge coesite eclogite cooled considerably during decompression and attained a temperature of about 600 C at 15 kbar and 500 C at 10 kbar, respectively (Table 5 ). This information, together with data on hydrogen diffusion in garnet and the estimated time span for exhumation, can be used to evaluate the possibility and extent of water loss.
Dehydration experiments at atmosphere pressure revealed that hydrogen diffusion in garnet depends on both the type of substitution and oxygen fugacity (e.g. Blanchard & Ingrin, 2004) . The latter was also observed for pyroxene and ascribed to the oxidation of Fe The two D values refer to the IR absorption bands (or defect types) at 3650 cm -1 (type I) and 3600-3630 cm -1 (type II) that are identical to those in our samples. These data can be used to determine the characteristic diffusion length x (Table 5 ) during the decompression-cooling path. Judging from the identical Sm-Nd and Ar-Ar ages of Erzgebirge eclogite (Schmä dicke et al., 1995) a time span of 2 million years (Myr) can be assumed for exhumation or, at least, for transport to upper crustal levels. Similar time constraints were inferred from the youngest high-pressure rocks known and dated so far that imply cooling rates of >500 C/Myr (Baldwin et al., 1993) . Based on this value, the time span for each increment of 100 degrees is 0Á2 Myr (Table 5) . Given this time interval t and a temperature of 600 C (corresponding to 15 kbar), the diffusion length x (¼ (D t) 1 =2 ) is 1Á0 mm for defect type I and 0Á03 mm for defect II, respectively. This result and the experimentally established reduction of the water storage capacity of 25 % (Table 5) suggest that garnet grains of 1-2 mm size may lose up to 25 % of their original water related to type I substitution and almost none of the water bound by type II. This estimate is valid only for garnet that was originally water-saturated. Water loss from undersaturated garnet must be lower and can even be zero if the content at peak pressure was 75 % of the maximum storable amount of water. At !700
C the diffusion length is significant but, as highlighted above, water loss should not occur because the H 2 O storage capacity of garnet at the corresponding pressure of !20 kbar is identical to that at 30 kbar (Table 5) . At a temperature of 500 C the diffusion length is so small that water loss from garnet grains with a diameter of several millimeters is negligible.
These data imply that not only the timescale but also the decompression-cooling path is vitally important, to the effect that water loss can be limited even in tectonically exhumed rocks, provided decompression is accompanied by cooling. In addition, the uptake of secondary water during decompression is a very strong argument against water loss in the present case. This is because it is difficult to explain that garnet first lost water in response to decompression and, later on, incorporated additional water under conditions that were even less favorable (lower P and T) compared to those at which water loss should have occurred. Moreover, the fact that the water content is correlated with garnet composition (see above) also suggests limited water loss, simply because the latter is expected to obliterate a primary correlation.
In conclusion, we infer that the water content specified here as 'primary' is close or identical to that at peak metamorphic conditions. Although it remains unknown how much water is storable in exactly matching garnet compositions, we infer that the studied samples did not incorporate the maximum amount during eclogite facies peak metamorphism simply because watersaturated garnet would not be able to incorporate additional water during decompression. Notably, the above assessment implies that under-saturated garnet, in general, should not release water upon decompression if the original content was 75 % of the maximum storable amount.
Why is garnet from coesite eclogite more water-rich? The influence of pressure and garnet composition
The present study demonstrates that garnet in coesite eclogite contains more primary structural water than garnet from quartz eclogite. The first 'ad hoc' explanation for this difference is that the water content is governed by peak pressure. However, other influences also have to be considered, such as garnet composition, temperature and the paragenesis. A pronounced, positive correlation exists between structural water and the CaO content of garnet (Fig. 13a) , whereas water is unrelated to MgO and FeO. A similar positive correlation is observed for H 2 O and TiO 2 (Fig. 13b) as expected because CaO and TiO 2 are also positively correlated (Fig. 4) . Likewise, structural water positively correlates with Na 2 O (not shown) in agreement with the observed correlation of Na 2 O and TiO 2 (Fig. 4) . This also applies to other elements that are correlated with CaO (see 'Results'). Thus, the question arises: is one of the two variables, pressure (possibility 1) or Ca content (Schmä dicke et al., 1992; Schmä dicke, 1994; Fig. 14) and characteristic diffusion length x ¼ (D t) 1/2 in time intervals of 200 000 years based on diffusion parameters of Blanchard & Ingrin (2004) . (I) and (II) correspond to different defects attributed to the IR bands at 3650 cm -1 and 3600 cm -1 , respectively.
(possibility 2) responsible for the difference in water content between coesite and quartz eclogites? Possibility 1. High-pressure experiments have demonstrated a general positive correlation between water content in garnet and ambient pressure (Lu & Keppler, 1997; Withers et al., 1998) . Nevertheless, such a correlation was not found in the pressure range between 20 and 30 kbar (Table 5 ; see previous section). Furthermore, the experiments were conducted at saturated conditions so that the obtained amount of structural water corresponds to the water storage capacity of garnet. However, the primary water contents of garnet in the present study are not compatible with water saturation. Secondary, post-peak metamorphic uptake of structural water, in response to fluid influx during exhumation, undoubtedly reflects water-deficiency at peak metamorphism because only water-deficient garnet is able to incorporate additional (secondary) water. Since all samples primarily contained less water with respect to their storage capacity, pressure should not be the limiting factor for water incorporation. Further support for this reasoning is given by the experimental results (Lu & Keppler, 1997) which show no increase in water content in the relevant pressure range (Table 5) .
Possibility 2. The water content of the investigated samples is related to garnet composition, particularly to the Ca content. The effect of Ca in enhancing the water storage capacity of garnet is widely acknowledged; in fact grossular is able to incorporate several wt % H 2 O (e.g. Rossman & Aines, 1991) . Thus, this relation may provide a possibility to explain the positive correlation between CaO and H 2 O observed in the sample set (Fig. 13) . On the other hand, all investigated garnet samples contain, at least, moderate amounts of CaO (8-15 wt %) and, thus, should have the capacity to store more water than they actually incorporated at peak metamorphism. Therefore, it is possible that also the CaO content is not the major controlling factor for H 2 O in the present case. Alternatively, the correlative H 2 OCaO trend in Figure 13 may indicate that both together were influenced by something else (see below).
The influence of the stability or instability of hydrous minerals A plausible conclusion for the higher water content in UHP samples, compared to that in samples from the various HP units, is that more water was present in the former at the eclogite-facies peak stage. In fact, the two exceptional samples, coesite eclogite St75 and quartz eclogite Flo, may provide a clue in this context. Sample St75 is characterized by low garnet water contents (19-55 ppm), typical of quartz eclogite. The opposite is true for sample Flo which contains as much water (50-100 ppm) as most coesite eclogites. Notably, each of the samples is characterized by an unusual mineral assemblage. Sample Flo is the only eclogite containing jadeite (up to 80 vol.%) instead of omphacite, due to an exotic, Na-rich bulk-rock composition (Schmä dicke, 1994) . The high Na content points to a large amount of prograde paragonite (>10 vol.%). The latter decomposed before the peak pressure of ca. 25 kbar was attained, facilitating kyanite formation. It is possible that, in this unusual eclogite, paragonite breakdown provided the source for the relatively high amount of structural water in garnet.
The other unusual sample St75 is the only coesite eclogite in which a hydrous mineral is part of the metamorphic peak assemblage. This is due to the Mg-rich and Fe-poor bulk-rock composition enabling the formation of phlogopite that replaces phengite at UHP conditions (Schmä dicke, 1994) . Although phlogopite is stable under UHP conditions of up to ca. 70 kbar (Frost, 2006) it is not usually present in common, meta-basaltic eclogites due to their unfavorable bulk-rock composition. Garnet, coexisting with phlogopite, in coesite eclogite St75 contains as little water as garnet from most quartz eclogites. In both cases, hydrous minerals were stable at peak metamorphism and coexisted with garnet and omphacite.
Taking all the observations made in this study into account, the water contents in garnet can best be explained in the following way: as long as hydrous minerals are stable, as in all quartz-eclogite samples and coesite eclogite St75, water enables the stabilization of hydrous minerals and partitions into these phases, explaining why coexisting garnet incorporates only little (or no) water. If hydrous minerals decompose during prograde metamorphism due to P-T conditions exceeding their stability field, water is released and available to be incorporated in the nominally anhydrous minerals. Calcic amphibole, zoisite, and minor phengite were stable during peak metamorphism in quartz eclogite but not in coesite eclogite, due to their instability at high-temperature UHP conditions. Only phlogopite is stable under these conditions, but its presence is confined to the unusually Mg-rich coesite eclogite St75. The prograde breakdown of the common eclogitefacies hydrous minerals in the interval between about 22 and 28 kbar progressively provides for more water with increasing pressure, with the result that more water is available in coesite eclogite to be incorporated into the NAMs. Hence, we ascribe the different water contents in coesite versus quartz eclogite mainly to the presence or absence of hydrous minerals in the peak assemblage. The question of a possible influence by peak temperature is discussed below.
Water release by dehydration reactions versus structural water in garnet
From the deduced relationships between the stability of hydrous minerals at peak metamorphism and the content of structural water, the question arises if garnet and omphacite actually incorporated the entire water released by dehydration reactions. A simple mass balance helps to estimate if the amount of water liberated by hydrous minerals: (i) equals the content of structural water in NAMs; (ii) exceeds the maximum amount of water that can be stored in NAMs; or (iii) is lower than the storage capacity of NAMs. An amount of 5-10 vol.% of hydrous minerals, consisting of equal portions of calcic amphibole and zoisite (6 phengite), is typical for the peak assemblage of quartz eclogite. Eclogite samples with >10-15 vol.% hydrous minerals occur, but such samples were subject to late-eclogitic fluid influx (see sample description above). The decomposition of 5-10 % hydrous minerals (calcic amphibole þ zoisite), hosting about 2 wt % H 2 O, liberates 1000-2000 ppm H 2 O (bulk-rock water). This amount is available for incorporation in the anhydrous minerals garnet, omphacite, rutile, and coesite/quartz. Using a mean garnet-omphacite H 2 O partition coefficient K D of 0Á15 (0Á1-0Á2; Katayama et al., 2006; Schmä dicke & Gose, 2017 ) and a modal composition of one third garnet and two thirds omphacite (neglecting the minor minerals), water contents in garnet and omphacite should amount to 200-400 ppm and 1400-2800 ppm, respectively, provided they are able to incorporate all water liberated by dehydration of amphibole and zoisite (Table 6 ). Such concentrations are unrealistically high, no matter which K D value is used (Table 6 ). Even higher concentrations would result in the case of phengite dehydration.
Thus, it is concluded that the breakdown of 5-10 % amphibole þ zoisite (6 phengite) generates a large volume of water, exceeding the storage capacity of a garnet-omphacite assemblage. Accordingly, water supply from an external source is not required to explain the amount of primary structural water measured in garnet. On the contrary, the typical contents of ca. 50-150 ppm in garnet of coesite eclogite and, by implication, of ca. 330-1000 ppm in coexisting omphacite (K D 0Á15), suggest that only a minor part (i.e. 240-720 ppm; Table 7 ) of the !1000-2000 ppm H 2 O produced by dehydration reactions was structurally incorporated, the greater part must have escaped to the surroundings.
Water from zoisite breakdown: why was it not stored in NAMs?
Why the greater portion of water produced by dehydration reactions obviously escaped instead of being taken up by garnet (þ omphacite) may simply be that the minerals were not able to incorporate it. A possible explanation for this needs to take the sequence of dehydration reactions into account. Zoisite is the first hydrous mineral in the peak assemblage of quartz eclogite that See text for further explanation. decomposes if P and T further increase up to UHP conditions. This is indicated by the observed paragenetic relations (see above). Most quartz eclogites contain both calcic amphibole and zoisite (6 minor phengite). Few samples carry only amphibole, but zoisite was part of an early eclogitic assemblage, as inferred from: (i) zoisite inclusions in garnet cores and (ii) the fact that garnet in zoisite-free eclogites is richer in CaO. Zoisite breakdown releases CaO and provides for a higher grossular content in garnet. In fact, garnet in coesite eclogite, in which zoisite is no longer stable, contains 11Á9 wt % CaO (average of all samples). In quartz eclogite, the CaO content of garnet is systematically lower (average of all samples ¼ 8Á8 wt %). In most quartz eclogite samples, zoisite belongs to the peak assemblage, in which case garnet is relatively poor in CaO (average 8Á0 wt %) but very few samples are zoisite-free and, in this case, garnet is comparably rich in CaO (e.g. 10Á1 wt % in sample 38). The difference of 3Á9 wt % in the CaO content of garnet between coesite eclogite and zoisite-bearing quartz eclogite, corresponding to a difference of 10Á4 mol % grossular, is clearly related to zoisite stability (or instability). Because the higher grossular content in coesite eclogite resulted from zoisite decomposition, it can be used to roughly assess the amount of pre-existing zoisite. In order to enhance the CaO content of garnet by 3Á9 wt %, an amount of 5Á4 wt % zoisite (with 24 wt % CaO) has to decompose. Zoisite breakdown simultaneously releases 1100 ppm bulk-rock H 2 O. If this amount were incorporated in garnet and omphacite both minerals should contain much more structural water (Table 6) compared to the contents actually measured in garnet and inferred for omphacite. Thus, our interpretation is that most of the water generated by zoisite breakdown was not incorporated in NAMs but escaped from the reaction site and was most probably liberated to the surroundings.
Calcic amphibole is the ultimate hydrous mineral that decomposed in the eclogite due to further P-T increase that finally led to the transition from quartz to coesite eclogite. Assessing the quantity of water liberated by amphibole breakdown requires knowledge of its modal proportion. Petrographic observation of samples, in which both amphibole and zoisite are part of the peak assemblage, points to approximately equal amounts of the two phases, i.e. 2Á5-5 % of each. Using an intermediate value of 3Á85 % as a basis for evaluation, amphibole breakdown would result in 750 ppm bulk-rock H 2 O. Notably, this amount agrees perfectly with the quantity that is actually stored in coesite eclogite by garnet and omphacite (Table 7) .
Taking all the results and their implications into account, we conclude that garnet and omphacite predominantly incorporated the water from amphibole breakdown, but no or only little water from minerals that decomposed at lower pressure and temperature such as zoisite. If true, what explains the uptake of amphiboleborne water in contrast to water from zoisite? Here we can only speculate, but one or more of the following parameters may have played a role in this context: (i) the higher temperature, promoting diffusion; (ii) the higher grossular content, enhancing the ability of garnet to store more water; and (iii) reaction kinetics (e.g. the gradual, continuous amphibole breakdown versus discontinuous zoisite decomposition). Comparing zoisite and amphibole decomposition in the investigated eclogites, the former takes place at lower pressure (ca. 5 kbar; Schmä dicke, 1994). However, this cannot solve our problem because the water storage capacity of garnet remains constant in the P interval of interest (see above). Only the corresponding T difference of about 100 C deduced from the prograde P-T path may have an influence on water incorporation, because the corresponding diffusion distances differ by one order of magnitude (see Table 5 ), albeit the exact values may be different (most probably lower) from the data in Table 5 (see below) . Therefore, it is uncertain if H diffusion, at conditions of zoisite breakdown, was fast enough to enable uptake of water. On the other hand, the Ca content in garnet did increase even though Ca diffuses more slowly than H. In fact, zoisite breakdown not only enhances garnet's grossular content, but also the total amount of garnet. The discontinuous zoisite breakdown and related reequilibration involves growth of additional, Ca-rich garnet (as rims around existing grains) and rehomogenization. The mismatch between major element re-equilibration and failure of water uptake in garnet may indicate that garnet first had to become more Ca-rich before it was able to incorporate more water, and, or, that water escaped the reaction site very quickly by grainboundary migration or even by hydraulic fracturing.
In conclusion, all three factors-grossular content, reaction kinetics, and temperature -may play a role in the present context, but we suggest that the former two are most important to explain both: (i) why water from amphibole (in contrast to zoisite) breakdown is more readily incorporated in garnet, and (ii) why coesite eclogite hosts considerably more water than quartz eclogite, unless a hydrous mineral (such as phlogopite in sample St75) is part of the UHP assemblage.
FINAL CONCLUSIONS AND GEOLOGICAL IMPLICATIONS
Garnet and, by implication, omphacite have low contents of structural water in quartz eclogite and moderate amounts in coesite eclogite. Our study points to 240-720 ppm of structural water that is stored in coesite eclogite and that is subject to transport into the deeper mantle. We conclude that garnet and omphacite incorporated only part of the water released by the dehydration of eclogite-facies hydrous minerals, the greater part was released and presumably escaped to hangingwall rocks. Our finding confirms the suggestion by Dixon et al. (2002) that water is efficiently extracted from subducting oceanic crust. Accordingly, the accumulation of dehydrated oceanic crust in the mantle results in relatively dry mantle components ('HIMU') with ca. 600 ppm H 2 O (Dixon et al., 2002) , an amount that agrees exceptionally well with our result (e.g. 240-720 ppm).
The fact that garnet in quartz eclogite incorporated less water than garnet in coesite eclogite is ascribed to several reasons: lower Ca content of garnet, the costability of hydrous minerals, and lower peak temperature. Zoisite breakdown led to more Ca in garnet in coesite eclogite, which, in turn, favors higher amounts of structural water. In addition, as inferred from the comparably low water content in garnet in an exceptional sample of phlogopite-bearing coesite eclogite (relative to common coesite eclogite without a hydrous UHP mineral), the co-stability of hydrous minerals during peak metamorphism presumably plays a major role for water partitioning in the eclogite-facies mineral assemblage and for water incorporation in NAMs. This is in line with the notoriously low water content of quartz eclogites, in which hydrous minerals remain stable during peak metamorphism. The recorded difference in peak temperature of 100-250 C between coesite and quartz eclogite makes diffusional exchange and equilibration in the latter more effective and promotes the incorporation of water liberated by decomposing hydrous minerals as structural hydroxyl into garnet.
We suggest the following scenario illustrated in Figure 14 . Most of the water released by zoisite breakdown escaped due to unfavorable kinetic conditions. The resulting higher grossular content in garnet increased its capacity for water storage. However, at the stage when garnet was 'ready' to store more water, most of the water liberated by zoisite probably was no longer available. In contrast, water generated by the ultimate breakdown of the last remaining calcic amphibole (1-2 vol.%) may have completely been taken up by garnet (þ omphacite). Water incorporation at this stage was additionally promoted by the continuous nature of amphibole breakdown (and gradual water release) and the higher temperature (850-900 C) enhancing diffusion and re-equilibration.
Fluid influx during a post-peak metamorphic, eclogite-facies stage led to both submicroscopic fluid inclusions (molecular water) in garnet and, in the immediate vicinity of them, to more structural water. The inhomogeneous distribution of secondary water highlights the lack of re-equilibration on a grain scale, a finding that is attributed to the same reasons that prevented decompressional water loss: reduced temperature and fast exhumation. The secondary structural water is bound via the hydrogarnet substitution, which is favored with declining pressure (e.g. Lu & Keppler, 1997) . Fluid influx in coesite eclogite is ascribed to an early stage of exhumation at which the pressure was still beyond the stability fields of most eclogite-facies hydrous minerals (> ca. 25 kbar), because no other mineral except calcic amphibole was formed. Admittedly, considering only the heterogeneous distribution of secondary structural water, fluid influx should have occurred at lower T (and P). However, the diffusion length also depends on oxygen fugacity. Thus, if oxygen fugacity was lower than in the experiments by Blanchard & Ingrin (2004) , the diffusion length should be shorter compared to the estimated values in Table 5 . In fact, the paragenetic relationships, requiring fluid infiltration during a very early stage of retrogression, indicate that this could actually be the case.
The early post-peak-eclogitic amphibole occurs in interstitial textural positions in coesite eclogite and invariably hosts inclusions of vermicular quartz, suggesting its growth at the expense of omphacite (Figs 2 and  14) . The required water, facilitating growth of this amphibole, could have come from the same source as the fluid that was trapped in submicroscopic inclusions in garnet. Dehydration reactions in a subducting slab in the footwall are a likely source for this secondary water (Konrad-Schmolke et al., 2011) . Notably, water from zoisite breakdown is a possibility because, as discussed above, its quantity exceeds the amount that was taken up by garnet and omphacite. This excess water probably escaped from the reaction site and is a likely candidate to hydrate hanging-wall rocks such as exhuming eclogite slices (Fig. 14) . Such a process is especially plausible for the Erzgebirge that hosts three eclogite units with different peak P-T conditions that were exhumed from different depths. The decompressioncooling paths for all three units indicate that exhumation must have occurred during ongoing subduction (1992) and Schmä dicke (1994) . Note that fluid inclusions are only schematic. In UHP garnet, nanometer-sized fluid inclusions (0Á06 micrometer in diameter) occur in arrays and clusters (Su et al., 2002) . See text for further information. (Ernst & Peacock, 1996; Schmä dicke & Will, 2003) . In this context, dehydration reactions in the subducting slab provide the water for re-hydration of exhuming slabs in the hanging-wall.
